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ABSTRACT: Tissue engineering has long been a challenge because of
the diﬃculty of addressing the requirements that such an engineered tissue
must meet. In this paper, we developed a new “brick-to-wall” based on
unique properties of DNA supramolecular hydrogels to fabricate three-
dimensional (3D) tissuelike structures: diﬀerent cell types are encapsu-
lated in DNA hydrogel bricks which are then combined to build 3D
structures. Signal responsiveness of cells through the DNA gels was
evaluated and it was discovered that the gel permits cell migration in 3D.
The results demonstrated that this technology is convenient, eﬀective and
reliable for cell manipulation, and we believe that it will beneﬁt artiﬁcial
tissue fabrication and future large-scale production.
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1. INTRODUCTION
Constructing artiﬁcial tissues or organs has long been a
challenge in tissue engineering.1−3 To achieve this goal, many
eﬀorts have been made to arrange diﬀerent types of living cells
in a 3D manner.4−9 In 2012, Jiang and his co-workers
developed a series of technologies to allocate diﬀerent cells
on PDMS ﬁlm, then make a three-dimensional tubular
structure by rolling the ﬁlm up.10,11 In 2015, Gatner et al.
reported a method to attach diﬀerent DNA sequences onto
cells’ surfaces through lipid insertion, followed by speciﬁc DNA
recognition which leads to the fabrication of the multicellular
organization of organoid-like tissues.12 Recently, 3D bioprinting
technology has emerged as a promising, automated method to
fabricate tissuelike structures.13−22 However, no single one of
these strategies can meet the requirements of structural
complexity, precision, cell viability and scalable fabrication
alone. In this paper, we report a “brick-to-wall” technology to
fabricate 3D tissue-like structures with multiple cell types at
micrometer accuracy, which is based on the good biocompat-
ibility and excellent self-healing property of the DNA
supramolecular hydrogels.23−30 This stepwise building strategy
can easily avoid damaging cells in the manufacturing process
and is compatible with automatic manufacture processes. Cell
behavior in the 3D hydrogel microenvironment, with
surrounding signals and their cell−cell interactions are studied.
2. RESULTS AND DISCUSSION
As illustrated in Figure 1, the target cells were encapsulated
within a pure DNA hydrogel and hydrogel/cell bricks were
created either manually or by using 3D bioprinting. DNA
hydrogels have been reported as possessing excellent
biocompatibility, designable mechanical properties and com-
parable permeability to extracellular matrix (ECM), which can
ensure the cell viability within a 3D environment.24,25 Also, the
dynamic essence of DNA self-assembly through base-pairing
confers the hydrogel’s exceptional “self-healing” properties.26
By simply placing the cell containing hydrogel bricks together
to form a structure, the adjacent bricks will start to fuse
together within seconds and the boundary will disappear in
minutes. Thus, 3D tissuelike structures could be easily achieved.
It is generally acknowledged that all manufacturing processes
will inevitably lead to errors and cell necrosis, and cause failure
in next steps for tissue engineering. In our strategy, the cells’
status is veriﬁed via microscopy before assembling the
structure; thus, the bricks containing dead cells are excluded,
which prevents defects in the ﬁnal products.
As our previous work,24,30 two monomers, Y-shaped
structures (Y) and linkers (L), which were consequences of
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complementation among D1, D2, D3 and D4, D5 single-strand
DNAs (ssDNA) formed DNA hydrogels (Table S1). In a
typical manufacturing procedure, the DNA hydrogels are
prepared following previously reported protocol: scaﬀolds Y
and L are preassembled in DMEM media and give a ﬁnal
concentration at 2.5 mM Y, 3.75 mM L, respectively, and
CellTrace-labeled HeLa cells are seeded in the Y-scaﬀold
solution.25 These two solutions are mixed in equal volume to
form the cell-containing hydrogel in a model to make a HeLa
cell-containing, shaped hydrogel brick. Following the same
procedure, other cells, such as THP-1 cells, can also be easily
seeded in the hydrogel bricks. The cells are then cultured in the
bricks for 48 h, and their viabilities were examined by Live/
Dead assay. Results showed that the manufacturing process is
very gentle to the cells and only small numbers of dead cells are
found in all samples (Figure S1). The bricks containing
insuﬃcient viable cells could be easily abandoned at this stage.
As the bricks are strong enough to be lifted by pipet or
tweezers, two or more bricks could be easily attached together
to make a designed structure and the adhesion process could be
ﬁnished in seconds26 (Figure S2). These results proved that our
strategy is feasible and reliable and can easily be conducted.
After piling the bricks together to make a 3D macro
structure, cell migration is a key issue to build a structural
organization.31 With the cell-containing hydrogel bricks in
hand, we used the Transwell migration protocol shown in
Figure 2 to evaluate predictable cells behaviors triggered by
signals in hydrogels. We employed hydrogels to replace
Matrigel in simple Transwell cell behavior experiments, and
used HeLa cells as a model object in the assay. The cells were
cultured in CO2/air (5%/95%) atmosphere at 37 °C. The
migration of the cells was monitored by ﬂuorescence
microscope. To verify that the hydrogel can permit trans-
migration of the cells, we ﬁlled the inset chamber with 100 μL
of DNA hydrogel formed with FBS-free DMEM medium; 100
μL of FBS-free DMEM HeLa suspensions (0.5 × 106/mL) was
then added. The lower compartment was ﬁlled with DMEM
with 10% FBS to create the nutrient concentration gradient. As
shown in Figure 2A, after 1 h of culture, there are no cells
visible on the upper side of the membrane and very few cells
are seen in the hydrogel (Figure S3). After 18 h, a few cells
could be seen on the upper side of the membrane. This
suggests that the DNA hydrogel can permit cell migration at a
reasonable speed (Figure S4). By embedding the cells in the
hydrogel (Group B), we can see that the number of cells which
reached the upper side of the membrane was signiﬁcantly
increased compared to group A after 18 h. We proposed that
Figure 1. Scheme of brick-to-wall technology to fabricate 3D tissue-like structures. Diﬀerent cell types are encapsulated in each DNA hydrogel brick
and cultured for a period to eliminate damaged cells. The bricks are then combined to build the designed structures. Because the DNA hydrogel is
capable of excellent self-healing, these cell-containing bricks could be combined and quickly merge into contiguous structures. Scale bars represent
200 μm.
Figure 2. Illustration of the Transwell migration assay to evaluate
signal-responsibility in DNA gels. The bottom of the inset is a
microporous membrane, diﬀerent culture systems can be set
respectively in upper and lower compartments to facilitate the
introduction of variables. (A) Cells on top of gels can migrate through
the gel layer and membrane to the lower side. (B) Cells suspended
within gels can migrate through the gel layer and membrane to the
lower side. (C) Cells on top of the membrane without a gel layer can
migrate through the membrane to lower side. (A−C) groups were set
with nutritional gradient. (D) Group was set as control with no
nutritional gradient, and the number of cells laid on the upper side of
the membrane migrate to the lower side is low. Scale bars represent
100 μm.
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this diﬀerence might be attributed to the longer transmigrating
distance in Group A. If there is no hydrogel in the culture
system, as shown in Figure 2C the upper surface of the
membrane could be covered by cells in 1 h at a similar density
to that shown at 18 h in group B. This result proved that the
hydrogel slows down the migration of the cells.
After 120 h, the upper contents in the inset were removed;
cells attached on the lower side of membrane are ﬁxed with
2.5% glutaraldehyde, dehydrated in ethanol, and then observed
by ﬂuorescent microscope. In groups A, B, and C, a large
number of cells penetrated the membrane and were densely
packed on the lower surface. To eliminate the possibility that
gravity caused the penetration, we carried out a control
experiment under the same condition as group C but without
the FBS gradient. As shown in Figure 2D, very few cells can be
observed at the lower surface of the membrane. These results
demonstrated that the DNA hydrogel is biocompatible and
could provide an ECM-like environment for cell migration.
It is worth noting that this brick-to-wall strategy is suitable to
build more complicated multicellular structures, and the DNA
hydrogel provides suﬃcient cell mobility. We then used the
technology to study the migration of cells between diﬀerent
hydrogel bricks. In the experiment, we employed live cell dyes,
CellTrace, to label HeLa cells green (495/519 nm) and blue
(405/450 nm) colors; after embedding the cells into two DNA
hydrogel bricks and aligned the two bricks side-by-side, the two
bricks fused immediately and then were cultured in atmosphere
of CO2/air (5%/95%) at 37 °C. A confocal laser-scanning
microscope was employed to study the cell distribution and
migration at the interface. As shown in Figure 3, when two
bricks both contain 10% FBS, a clear boundary could be seen
within 1 h. This result veriﬁed that the DNA hydrogel bricks
can adhere eﬀectively. In the following 36 h of culture, we saw
that the cells noticeably migrated in two directions: downward,
and laterally (perpendicular to the blocks’ interface). These
phenomena demonstrated that the interface might disappear
and the self-healing between adjacent bricks is very eﬃcient.
The obvious downward migration of the cells could be
attributed to the strong anchorage-dependence of HeLa cells.32
To ﬁnd the possible driving force for the lateral movement,
we removed the FBS from the bricks containing blue-labeled
Hela cells. Following the same protocol, we can see that green-
labeled cells in the brick containing 10% FBS exhibited stronger
migration ability compared to the blue-labeled cells. After 36 h,
the green-labeled cells migrated into the space where the blue-
labeled cells were initially seeded, but the blue-labeled cells
mostly remained in their original position. This result illustrated
that cell mobility can be adjusted by external signals in the
DNA hydrogel system.
We also studied the behavior of THP-1 cells in a same
manner.33 As a typical cell line with anchorage-independence,
no obvious vertical migration was observed after 36 h (Figure
Figure 3. HeLa cells migration tracing in DNA gels. HeLa cells were labeled by blue and green living cell dye, CellTrace, and tracked by confocal
microscopy. Gels with labeled cells were cultured and observed at 1 and 36 h. The two bricks of gels were set with diﬀerent nutrition conditions.
Scale bars represent 100 μm.
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4). This result suggested that the vertical migration of HeLa
cells might be caused by its anchorage-dependence. Also, the
diﬀerent FBS distribution showed no obvious inﬂuence on the
cell migration, which is diﬀerent with the behavior of HeLa cells
but obvious lateral migrations were also been observed. These
results further veriﬁed that the interfaces between DNA
hydrogel bricks could be eﬀectively eliminated by DNA chain
exchange reactions, and the dynamic essence of DNA
assemblies ensure the excellent cell permeability of the gels.
3. CONCLUSION
In summary, based on the outstanding self-healing property of
DNA supramolecular hydrogels, we illustrated a brick-to-wall
technology to fabricate 3D tissue-like structures. This strategy
can be adapted to diﬀerent cell types and can exclude damaged
cells in the manufacturing process. Due to the mechanism, this
technology can provide micrometer-resolution manufacturing
and is compatible with automatic manufacture processes.
Through the cell migration studies, we also demonstrated
that the interface between hydrogel bricks could be eliminated
by self-healing and does not inﬂuence the cell migration, which
is crucial for the further development of artiﬁcial tissuelike
structures. We believe this stepwise building strategy provides
an innovative way to avoid cell damage during the
manufacturing process and may enable the large-scale
production of artiﬁcial tissue in the future.
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